In Drosophila nutrient status is sensed by the fat body, a functional homolog of mammalian liver and white adipocytes. The fat body conveys nutrient information to insulin-producing cells (IPCs) through humoral factors and controls systemic insulin signalling. Insulin signalling has pleiotropic functions which include the regulation of key growth and metabolic pathways. Here, we report that Edem1 (endoplasmic reticulum degradation enhancing α-mannosidase-like protein1), an endoplasmic reticulum-resident protein involved in protein quality control, acts in the fat body to regulate insulin signalling, metabolic status and starvation responses in Drosophila. Edem1 limits Drosophila TNFα Eiger activity, a fat body derived humoral factor that acts on IPCs, and maintains systemic insulin signalling in normal fed conditions. During food deprivation, Edem1 expression levels drop which aids in surviving the effects of nutrient starvation. Overall we demonstrate that Edem1 plays a crucial role in helping the organism to endure a fluctuating nutrient environment by managing insulin signalling and metabolic homeostasis.
Introduction
Energy homeostasis, the sum of all processes by which organisms maintain the balance between energy inflow and outflow; is vital for normal functioning, reproduction as well as longevity. Energy homeostasis is brought about by the activity and interplay of various endocrine and neuroendocrine systems. Insulin plays a significant role in the maintenance of energy balance and Insulin/IGF signalling pathway is highly conserved in both vertebrates and invertebrates (Kenyon, Chang et al. 1993 The endoplasmic reticulum (ER) serves many functions in the eukaryotic cell, foremost of which is the folding of nascent proteins with the help of molecular chaperones and folding enzymes. Hence, ER is considered as the major quality-control site which ensures that only correctly folded proteins are allowed to leave ER to other cellular compartments. ER is also considered to be the first storage site of secretory proteins and ER activity is high in cells of endocrine and exocrine tissues due to the heavy protein trafficking in such cells.
Genetic factors, physiological changes and fluctuations in the cellular environment would lead to protein misfolding (Bergmann and Molinari 2018) and ER aids in eliminating proteins, which remain misfolded even after multiple rounds of folding attempts. Thus, a
proper balance between the influx of proteins and the folding machinery in the ER is crucial for efficient protein quality control. When the ER homeostasis is upset misfolded proteins will accumulate in the ER triggering an adaptive response called unfolded protein responses (UPR). The UPR signalling mainly involves three ER residing transmembrane sensors: inositol-requiring protein 1 (IRE1), activating transcription factor 6 (ATF6) and PKR-like ER kinase (PERK), which would initiate ER-associated degradation (ERAD) of terminally misfolded proteins, expand the ER membrane, increase the folding capacity of the ER and decrease the overall protein load in the ER (Bergmann and Molinari 2018).
Permanently unfolded glycoproteins are recognised by ERAD-enhancing α-mannosidaselike proteins (Edem) which aid in the degradation of these misfolded proteins by ERAD Glycoproteins constitute a large proportion of proteins in a cell, hence the function of Edem is crucial for cellular homeostasis.
Here, we report that Edem1 activity in the Drosophila fat body is crucial for systemic insulin signalling. Down-regulation of Edem1 led to reduced insulin signalling, caused nutrient imbalances and reduced the sensitivity to starvation. Our results also show that Edem1 manages insulin signalling by the regulation of fat body derived TNFα Eiger that control the function of IPCs. Furthermore, in response to reduced nutrients edem1 mRNA levels were lowered, which we found was crucial for the survival of flies during starvation. We propose that Edem1 acts as a key factor in the fat body, which maintains nutrient homeostasis by controlling the activity of the IPCs during fluctuations in the nutrient environment.
Results

edem1 maintains metabolic homeostasis
To identify factors that control nutrient homeostasis and insulin signalling we embarked on a genetic screen by blocking various candidate genes in the fat body using RNAi lines. Our previous study reported a set of genes differentially expressed in the miR-14 mutants that showed metabolic phenotypes (data not shown), which we tested as candidates here (Varghese, Lim et al. 2010 ). In this screen we identified edem1 as a putative regulator of metabolic status in Drosophila. Down-regulation of edem1 transcripts in the fat body led to a significant increase in the levels of energy stores -triglycerides and glycogen, in adult flies ( Fig. 1A and B ). In response to fat body specific edem1 knock down there was an increase in starvation resistance as well (Fig. 1C ). The higher energy stores observed at various stages of starvation in response to lowering edem1 levels in the fat body may account for the better survival of flies ( Fig. 1D and E). Along with changes in stored nutrient levels, circulating glucose levels were high in the larval hemolymph indicating a Page 5
decrease in systemic insulin signalling ( Fig. 1F ). In addition, blocking edem1 in the fat body led to enhanced feeding responses in the larvae (Fig. 1G ), similar to responses reported earlier in food deprived larvae (Chouhan, Wolf et al. 2017) . These data show that Edem1 function in the fat body is crucial in regulating metabolic homeostasis. All the phenotypes observed in response to blocking edem1 levels in the fat body indicated a drop in insulin signalling in these animals. Next, we employed various approaches to measure systemic insulin signalling upon blocking edem1.
edem1 function in the fat body maintains systemic insulin signalling
To measure the insulin signalling activity in response to blocking edem1 in the fat body we checked gene expression of key downstream target genes of insulin pathway. ). Blocking edem1 in the fat body increased transcript levels of these insulin responsive genes which indicated low insulin signalling in larvae ( Fig. 2A ). As the next approach we tested whether the reduction of insulin signalling in response to blocking Thus, blocking edem1 in the fat body reduced insulin signalling which led to metabolic phenotypes. These experiments confirm that Edem1 function is crucial in the fat body to maintain systemic insulin signalling and metabolic homeostasis.
Edem1 activity in the fat body could regulate IPCs and control systemic insulin signalling, as fat body is known to remotely control the function of IPCs. To address whether Edem1 in the fat body regulates IPC function the transcript levels of IPC specific DILPs -dilp2, dilp3 and dilp5 were measured. In response to the expression of edem1-RNAi in the fat body, dilp3 mRNA levels were found to be low in larvae, however, there were no detectable changes in the mRNA levels of dilp2 and dilp5 ( Fig. 2D ). Previous studies report that nutrient deprivation would block DILP secretion from the IPCs into the hemolymph leading to an accumulation of DILPs resulting in reduced systemic insulin signalling (Geminard, Rulifson et al. 2009 ). In control larval brains an overall cytoplasmic distribution of DILP2 protein in the IPCs was observed, whereas, in response to reducing edem1 levels in the fat body DILP2 levels in the IPCs were found to be lower than control conditions and DILP2 showed a punctate distribution in the IPCs ( Fig. 2E ). We saw similar responses to DILP2 levels when larvae were subjected to 12 hrs of nutrient deprivation ( Fig. S1A ). Thus, blocking edem1 levels in the fat body led to a reduction in dilp3 gene expression and DILP2 protein levels in the IPCs. Together, these observations suggest that edem1 function in the fat body maintains systemic insulin signalling and nutrient homeostasis by regulating the activity of IPCs.
Reduction in Edem1 levels during starvation is crucial for survival
Insulin signalling aids an organism to respond to changes in the nutrient environment by managing various biological functions. During nutrient deprivation insulin signalling becomes low, which would allow an organism to manage its energy stores, increase appetite and embark on foraging (Erion and Sehgal 2013). As our findings show that Edem1 function in the fat body maintains systemic insulin signalling and metabolic homeostasis, next we tested if Edem1 would aid the flies in withstanding changes in the availability of food by lowering insulin levels. In response to food depletion we observed a reduction of edem1 mRNA levels ( Fig. 2F ). We speculated that reduction of Edem1 levels Next, we carried out experiments to test if Edem1 regulation of Eiger is crucial for maintaining metabolic homeostasis. We down-regulated Eiger in edem1-RNAi expressing fat body, which suppressed the metabolic phenotypes seen in response to blocking edem1
We also observed that the reduction in DILP2 levels in the IPCs in response to edem1-RNAi was abrogated by lowering Eiger levels in the fat body ( Fig. 3F ). In addition, transcript levels of dilp3 and insulin target gene 4ebp was restored by reducing Eiger levels in the edem1-RNAi back ground ( Fig. 3G and 3H) . These experiments confirm that Together these results confirm that Edem1 activity in the fat body regulates Eiger mediated JNK signalling and manages systemic insulin signalling and metabolic status of flies.
Discussion
Nutrient withdrawal would trigger organism wide changes in various metabolic pathways.
These changes would aid the organism in managing growth and maintenance of nutrient However, more efforts are needed to identify the exact molecular mechanism by which Edem1 regulates tace levels.
Furthermore, in response to nutrient withdrawal we saw a reduction of Edem1 transcripts, which suggested that reducing Edem1 levels might aid in lowering insulin signalling, an essential step in induction of starvation induced survival responses. Moreover, reducing Edem1 levels in fed flies led to enhanced feeding responses. This response was similar to starvation conditions, further suggesting a crucial role for Edem1 in survival against food deprivation. Interestingly, enhancing Edem1 levels led to reduced survival during starvation, probably due to a failure in eliciting survival responses to food depletion.
Hence, reduction of Edem1 activity during starvation might aid the animal in eliciting survival responses. However, it is quite interesting to note that in addition to edem1,
several key UPR pathway genes were also reduced upon 12 hrs of starvation in larvae ( Fig. S1B) . A UPR reporter, xbp1-EGFP, which measures IRE1 mediated alternate splicing of xbp1, was also reduced confirming that reduced levels of nutrients would result in low ER stress in the fat body ( Fig. S1C ) reduced edem1 levels could be an outcome of Page 12
reduced ER stress during starvation and edem1 could act as a nutrient sensor ). Together these observations confirm that Edem1 in addition to playing a role in ERAD mediated protein quality control, help to manage responses during fluctuations in the nutrient environment. 13 
Triglyceride and glycogen measurements
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All the metabolism-related experiments were carried out in controlled growth conditions. 50 
Starvation sensitivity assay
For starvation sensitivity assay, 30 (5-day old) male flies were transferred to vials containing 1% agar and the number of dead flies was counted every 2 hours. These
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experiments were replicated independently and number of replicates (n) are mentioned in the figure legends.
Glucose assay
Larvae at 3 rd in-star stage (5 for every prep) larvae were used to isolate hemolymph using Zymo-Spin™ IIIC (C1006-250) from Zymo Research. 1 μl of hemolymph was diluted to 50
μl with autoclaved milli-Q water. 100 μl of glucose assay reagent (Cat. # GAGO20) from
Sigma was added and the reaction was incubated at 37 °C for 30 min. The reaction was stopped with 100 μl of 12 N H2SO4. The glucose content was analyzed using colorimetric quantification at 540 nm using TECAN Infinite M200 pro-multi-mode plate reader in 96-well format. Hemolymph glucose measurements were replicated independently and number of replicates (n) are mentioned in the figure legends.
Larval starvation
Third in-star larvae of the desired genotypes were kept for starvation on 1% agar vials for 12hrs, after washing them with milli-Q water to make sure that there were no traces of media left behind. After 12 hrs the larvae were plunged for the qPCR experiments or fluorescence assay or they were dissected. The starvation experiments were replicated independently and number of replicates (n) are mentioned in the figure legends.
Feeding assay
Larvae at 3 rd in-star stage (10 each) were fed with colored food with Orange G dye (Cat. # 
Fluorescence assay
For the fluorescence assay, 5 larvae per genotype (fed or starved -for starvation the conditioning was done as mentioned before) were homogenized in 1X RIPA buffer (Cat. # R0278 from Sigma) supplemented with 1X protease inhibitor (Cat. # S8830-20TAB from Sigma). GFP fluorescence was quantified using excitation and emission spectra of 485 nm and 530 nm respectively. Several independent batches of larvae were homogenized, the number of replicates (n) are mentioned in the figure legends.
Statistical analysis
All the experiments were done in biological replicates as indicated and the error bars Figure S1 .
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